Abstract: Peritonitis remains the main complication of peritoneal dialysis (PD). Antimicrobial therapy may be threatened by development of bacterial resistance, demanding continuous surveillance of infectious agents to improve empirical treatment. The aims of this study were to evaluate the bacterial agents causing peritonitis and their antimicrobial susceptibility in patients undergone PD in a Brazilian center, between 1993 and 2013. Strains were recovered from peritoneal fluid, identified by usual methods and submitted to Etest antimicrobial susceptibility. A total of 400 strains were studied, of which 65.8% were Staphylococcus spp.: S. epidermidis, the main species (22.8%), followed by S. aureus (21.3%). Over time, we verified a decrease in overall peritonitis occurrence, and an increase in gram-negative bacteria proportion, attributed, mainly, to a decrease in gram-positive agents. Vancomycin was effective against all Staphylococcus strains, and oxacillin resistance was higher in coagulase-negative Staphylococcus compared to S. aureus (p < 0.01 
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After the introduction of peritoneal dialysis in Botucatu Medical School (BMS) on 1990s, a great number of patients presented peritonitis. In 1993, a multidisciplinary team of medicine doctors from BMS and biologists from Botucatu Biosciences Institute, UNESP, was structured to investigate the clinical, epidemiological and microbiological aspects of peritonitis and to reduce the infection rates in our center, composed by clinical nephrologists (Pasqual Barretti, Jacqueline Caramori), clinical pathologists (Augusto Montelli, Alessandro Mondelli), microbiologists (Terue Sadatsune, Maria Cunha) and molecular microbiologist (Carlos Camargo) . The ongoing work of the group over the last 20 years generated numerous national and international publications and academic thesis about peritonitis, with microbiological investigations in all of them. In this paper we present a synthesis of all microbiological information obtained from 400 bacterial strains studied from 1993 to 2013, including identification and antimicrobial susceptibility. The use of our results for improving patient care is suggested.
PUBLIC INTEREST STATEMENT
Patient with chronic kidney disease often progress to renal failure. Peritoneal dialysis (PD) represents an option in treating these cases before hemodialysis or renal transplantation. PD uses peritoneum as a filter, being a practical alternative with comparable survival rates to hemodialysis. Peritonitis is the main cause of PD interruption, with known impact on morbidity and mortality. It is an infection that can be caused by several microorganisms, presenting variable pathogenic capacity and antimicrobial resistance. Serious problems for the practice of rational antibiotic therapy can occur. In this study we investigated, over 20 years , the frequency and the antimicrobial sensibility of 400 bacterial strains isolated from peritonitis, in order to analyze the impact of practice changes adopted in one center and to provide data for improving patient care. Our microbiological data are in accordance to the current international guidelines, which recommends retrospective local results to define the optimal empiric therapy.
Introduction
Peritoneal dialysis (PD) represents an option in treating chronic renal diseases. This method presents the same survival rates as hemodialysis in treating end-stage renal disease, but has an important advantage in patient satisfaction and life quality reports (Tokgoz, 2009) . Advances in this treatment option resulted in reducing peritonitis rates in recent decades, but infective events are still the main adverse cause of technique failure, with significant impacts on morbidity and mortality rates (Pérez Fontan, et al., 2005) . Despite geographic specificities, the main etiological agents of infections are Staphylococcus species (Nishina et al., 2014; van Esch, Krediet, & Struijk, 2014) . We have shown that outcomes of peritonitis due to Staphylococcus are influenced by implicated species (Barretti, Montelli, Batalha, Caramori, & Maria de Lourdes, 2009; Camargo et al., 2014) , virulence factors Barretti et al., 2012; Cunha et al., 2004 Cunha et al., , 2005 , antimicrobial resistance (Camargo et al., 2014; Oliveira et al., 2012) besides some specific host features . Indeed, peritonitis due to gram-negative rods are milder when caused by Enterobacteriaceae strains compared to non-fermentative gram-negative bacilli (NFGNB) (Oliveira et al., 2012) ; very frequent catheter removal and hospitalization rates are reported for patients with P. aeruginosa infections (Borràs, 2009; Siva et al., 2009) . The International Society for Peritoneal Dialysis (ISPD) recommends that empirical treatment must be initiated based on retrospective data of antimicrobial susceptibility of each center (Li et al., 2010; Piraino et al., 2005) . Changes in the practices, in the agents implicated in peritonitis and in their antimicrobial susceptibility, warrant continuous surveillance of infections in PD (Szeto, 2014) . In this study, we aimed to evaluate the frequency and the antimicrobial susceptibility of the bacterial agents causing PD-infections in a single Brazilian center over the last two decades (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) , in order to analyze the impact of practice changes adopted in this center and to provide data for improving patient care.
Materials and methods
This study evaluated the most prevalent bacterial isolates (Staphylococcus and gram-negative bacilli) recovered from peritoneal fluid of patients attending a single university center in Brazil, continuously, over a period of 20 years . Patients were diagnosed with peritonitis by the presence of at least two of the following criteria: (1) cloudy peritoneal effluent, (2) abdominal pain, (3) a dialysate white-cell count higher than 100/μL with at least 50% polymorphonuclear cells, and (4) positive culture of peritoneal effluent (Li et al., 2010; Piraino et al., 2005) . Dialysis practices changed over the evaluated period ( Figure 1 ): a Y-set system was introduced in 1994; automated PD (APD) in 1998; a twin bag was introduced in 1999. Daily mupirocin cream application at the exit site has been recommended since 2003 and gentamicin, since 2007. The initial cultures from centrifuged peritoneal fluid samples were performed with the Bactec® Automated System (Becton Dickinson Company, Sparks, Maryland, USA), and then seeded onto blood agar and MacConkey Agar (Oxoid, Basingstoke, United Kingdom). The isolates were gram stained to confirm purity and determine morphology and specific color. Bacteria identification was performed by classical phenotypic tests (Koneman & Winn, 2006) and by Vitek or Vitek 2 (bioMé-rieux, Inc., Durham, NC, USA) automated systems.
The in vitro susceptibilities to antimicrobial agents, chosen according to the bacterial agent and the Clinical and Laboratory Standards Institute (CLSI) recommendations, were evaluated based on minimal inhibitory concentrations (MIC) determined by the Etest (bioMérieux, Inc., Durham, NC, USA), according to the manufacturer's instructions. The following antimicrobial agents were evaluated: penicillin G, oxacillin, cephalothin, levofloxacin, netilmicin, vancomycin, for gram-positive agents, and gentamicin, ceftazidime, cefepime, gatifloxacin, ofloxacin and imipenem for gram-negative ones. MIC was categorized in susceptible or resistant (strains with intermediate susceptibility were considered resistant) according to CLSI breakpoints (Clinical & Laboratory Standards Institute, 2015) . Quality control strains (S. aureus ATCC 29213; E. coli ATCC 25922; P. aeruginosa ATCC 27853) were used to ensure test performance. MIC50 and MIC90 values were calculated based on the MIC value distribution: MIC50 is defined as the median value of MIC distribution; that is, the MIC value that can inhibit the growth of 50% of the bacterial population; MIC90 is the MIC value that can inhibit the growth of 90% of the bacterial population.
Resistance pattern classes were created to compare different bacterial species and were determined according to the number of resistance presented for each strain: susceptible (zero resistance), simple resistant (resistance to only one drug) or multiple resistant (resistance to two or more drugs).
Chi-squared or Fisher's exact tests were used to compare frequencies (www.openepi.com); p values below 0.05 were considered to be significant.
The Research Ethics Committee of the Faculty of Medicine of Botucatu, Brazil (OF. 028/08-CEP) approved this study. We were granted an exemption from the requirement to obtain written informedconsent from the participants and/or their legal guardians because the strains included in the study had already been isolated and stored, on an ongoing basis, in the Culture Collection of the Department of Microbiology and Immunology, UNESP, Botucatu, São Paulo, Brazil. 
Results

Etiological agents
From January 1993 to July 2013, 400 bacterial strains, corresponding to 400 episodes of peritonitis, were included in this study: 85 strains of Staphylococcus aureus; 178 of coagulase-negative Staphylococcus (CoNS) and 137 strains of gram-negative bacilli (Table 1) .
Temporal evolution of microorganisms over time
Reduction in overall frequency of PD-related peritonitis was observed over time: the highest number of episodes was observed between 1996 and 1998 (111 episodes) and the lowest between 2011 and 2013 (15 episodes). Despite this reduction in frequency of peritonitis, an increase in proportion of episodes due to GNB was observed between 1996 and 1998 and between 2005 and 2007, with less episodes due to S. aureus. In more recent periods (between 2008 and 2013) , the CoNS species represented the main causative agent of PD-associated peritonitis ( Figure 1) . We observed the impact of the APD system introduction in 1998 and the adoption of a twin bag system in 1999 in gram-positive frequency, but an increase in the number of GNB episodes. After the mupirocin cream prophylaxis, introduced in 2003, and the gentamicin cream prophylaxis, in 2007, a decline in the overall rate of all agents was observed (Figure 1 ).
Susceptibility testing
Antimicrobial susceptibility testing results are presented in Table 2 . Oxacillin susceptibility rate was significantly higher for S. aureus (83.5%) compared with CoNS strains (36.0%) (p < 0.01). Regarding Staphylococcus epidermidis and other CoNS strains, the oxacillin susceptibility rate was found to be equally low in both groups (37.4 and 34.5%, respectively; p = 0.40). Vancomycin resistance was not detected against Staphylococcus strains.
Imipenem and ceftazidime presented the highest susceptibility rates for P. aeruginosa strains (77.8 and 74.1%, respectively) but significantly lower than those found for Enterobacteriaceae (Fisher's p < 0.01, for imipenem [96.3%] and ceftazidime [95.1%]). The Acinetobacter strains presented the highest susceptibility rates to imipenem (85.7%) and gentamicin (57.1%).
Despite the intrinsic resistance to several antimicrobial classes, S. maltophilia and B. cepacia strains presented susceptibility rates of 75% (6/8 strains) and 100% (5/5 strains) for ceftazidime, respectively. The P. fluorescens strain presented susceptibility to gentamicin (MIC 0.38 μg/mL), ceftazidime (1.5 μg/ mL), cefepime (1.0 μg/mL), imipenem (0.5 μg/mL) but resistance to gatifloxacin (3 μg/mL) and ofloxacin (32 μg/mL). A. xylosoxidans strain was susceptible only to ceftazidime (4 μg/mL) and imipenem (1.0 μg/mL), and resistances to gentamicin (64 μg/mL) and cefepime (128 μg/mL) were detected. aeruginosa and Acinetobacter spp., imipenem showed the highest activity, but the remaining drug susceptibility rates oscillated over time (Table 4) . Figure 2 , with a slight (non-significant) trend of increasing strains susceptible to all evaluated drugs. The period of 1993-1995 presented the lowest value of susceptibility (19%) and the highest rate of multiple resistance strains (58%). From this period on, susceptibility ranged from 27% in 1996-1998 to the peak 53% in 2011-2013. Contrasting to emerging gentamicin resistance observed from 2007, increase in the susceptibility class was mainly influenced by Enterobacteriaceae strains. 
Over time, it was possible to observe a fluctuation in resistant pattern categories, as demonstrated in
Etiological agents
In this largest series of PD-related peritonitis in a single Brazilian healthcare center, we evaluated the frequency of etiological agents and their antimicrobial susceptibility over 20 years. We verified the overall predominance of Staphylococcus species and a global reduction in the number of bacterial peritonitis over the years.
Staphylococcus spp. are currently the main etiological agents of PD infections (Nieto-Ríos et al., 2014; Nishina et al., 2014; van Esch et al., 2014) , and nasal colonization status seems to play an important role in the development of S. aureus peritonitis. Indeed, infection due to S. aureus were shown to increase the unfavorable outcomes compared to CoNS in our center (Camargo et al., 2014) with virulence factors such as beta-hemolysin and biofilm production Barretti et al., 2012) impacting negatively on outcomes. On the other hand, but in line with the largest series (Fahim et al., 2010; Szeto et al., 2008) , infections due to CoNS were milder and with a favorable outcome. In our center, a favorable outcome was influenced by oxacillin susceptibility and initial treatment with vancomycin (Camargo et al., 2014) , underscoring the importance of longitudinal analyses of antimicrobial susceptibility data towards optimizing empirical strategies and avoiding the emergence of antimicrobial resistance (Szeto, 2014) . A high and constant frequency rate of oxacillin resistance CoNS required changes in the empirical treatment in our center, which currently is based on IP vancomycin and amikacin . Contrasting to the reduction in the overall frequency of gram-positive pathogens, infection due to gram-negative pathogens increased in number, and consequently, in its proportion, in the early 2000s (Borràs, 2009 ). The same phenomenon was also reported earlier (Huang et al., 2011; Szeto et al., 2005) , mainly attributed to improvements in connectology methodology that reduced the incidence of skin contaminating pathogens (Szeto, 2014) . Importance of gram-negative pathogens have increased over the last years, particularly due to the emergence of different antimicrobial resistance determinants, such as extended spectrum beta-lactamase in Enterobacteriaceae species (Borràs, 2009; Feng et al., 2014) and carbapenemases in P. aeruginosa and Acinetobacter spp. (Prasad et al., 2014; Zhang et al., 2014) .
Overall, a reduction in the number of infections in this series might be affected by changes in peritoneal practices over the years, initiated by the introduction of the Y-set system in the early 1990s; APD introduction in 1998 contributed to this decline, which was reinforced by the implementation of other measures (Figure 1 ). Mupirocin cream prophylaxis was shown to be associated with the reduction in the S. aureus but not with CoNS peritonitis incidence in this center (Camargo et al., 2014 ). An absence of influence of mupirocin on PD-peritonitis pathogens other than S. aureus was verified by Xu, Tu, and Xu (2010) , analyzing three randomized controlled trials. Still CoNS have presented high oxacillin resistance rates in that casuistry; cross resistance to mupirocin was not investigated; the literature, however, does not confirm cross resistance between oxacillin and mupirocin (Cookson, 1998) , likely ruling out this hypothesis and instigating the real role of mupirocin prophylaxis on S. aureus and coagulase-negative Staphylococcus peritonitis. Indeed, the role of mupirocin on peritonitis episodes seems to be less impacting in the daily practice than in the randomized trials, maybe due to the adherence to this practice (Szeto, 2014) .
Antimicrobial susceptibility
Comprehensive evaluation of antimicrobial susceptibility was performed in all 400 bacterial strains isolated from PD-peritonitis. In line with a previous contemporary series (McGuire, Carson, Inglis, & Chakera, 2015; van Esch et al., 2014) , vancomycin was the most potent antimicrobial agent against gram-positive bacteria (100% susceptible), even for CoNS strains more prone to present resistance to this drug (Srinivasan, Dick, & Perl, 2002) . Oxacillin resistance was remarkably lower in S. aureus compared to CoNS. Oxacillin resistance is mainly mediated by mecA gene, which is allocated into the Staphylococcal chromosomal cassette mec (SCCmec), a transferable genetic element (Martins & Cunha, 2007) . Higher frequency of oxacillin resistance in CoNS may be the result of the spread of those species and to the increased interaction among negative-and positive-mecA carrying strains, besides the higher diversity of SCCmec elements in CoNS, favoring the transmissibility of this resistance determinant (Zong, Peng, & Lü, 2011) . In relation to gram-negative antimicrobial susceptibility, imipenem presented the best results but beta-lactams also achieved more than 90% activity. Imipenem was the most efficient drug against P. aeruginosa and Acinetobacter species, but presented consistently lower susceptibility rates than Enterobacteriaceae. For B. cepacia and S. maltophilia, ceftazidime presented good results, inhibiting all but two evaluated strains (Table 2 ).
Susceptibility categories defined by the number of resistances demonstrated the high frequency of multiple resistant CoNS and the predominance of susceptible Enterobacteriaceae strains. CoNS are recognized as a reservoir of resistance determinants in Staphylococcus (Martins & Cunha, 2007; Zhang, Agidi, & LeJeune, 2009; Zong et al., 2011) and yet this pathogen is associated with milder infections, virulence determinants, such as toxins and biofilm, may be present and to contribute to its pathogenicity, and, consequently, to unfavorable outcomes Cunha et al., 2005) , underscoring the need for monitoring the antimicrobial resistance of these emerging causative organisms of PD infections. Kim et al. (2004) reported an increase in MRCoNS among patients suffering from PD-peritonitis in a Korean healthcare center over 10 years. A recent German report also described the increase in Methicillin-resistant S. epidermidis in a single-center longitudinal study (Kitterer et al., 2015) .
On the other hand, peritonitis due to Enterobacteriaceae presented better outcomes (Oliveira et al., 2012 ) and lower resistance rates (Barretti, Pereira, et al., 2009 ) than NFGNB. It is reasonable to attribute the worst outcomes in NFGNB peritonitis to antimicrobial resistance compared to Enterobacteriaceae infections. Pathogens enrolled into the NFGNB group are naturally more resistant than other GNB due to intrinsic and multiple acquired resistance mechanisms (Livermore, Winstanley, & Shannon, 2001) . Differences in the membrane composition and permeability, and production of chromosomally encoded antibiotic degrading enzymes, most of the time plasmidmediated, figure as the main resistance mechanisms in NFGNB. In more recent years, however, virulence (despite the antimicrobial susceptibility) was appointed as an important factor associated with worst outcome of E. coli peritonitis (Valdes-Sotomayor et al., 2003) . These findings indicate that comprehensive evaluation of etiological agents and antimicrobial susceptibility testing must be |performed to support adequate management of peritonitis after laboratory results are available.
As a post-hoc result, we observed a decrease in gentamicin susceptibility rates in Enterobacteriaceae, which led us to investigate the impact of introduction of gentamicin prophylaxis practice (initiated in 2007). Gentamicin susceptibility was determined in 165 strains (93 up to 2006 and 72 from 2007 on). Overall, changes in the percentage of gentamicin resistant strains was observed after gentamicin prophylaxis implementation, increasing from 12.9% in the strains isolated up to 2006, to 27.8% in the strains recovered from 2007 on (p = 0.01). This change is likely due to increasing in the resistance rate of Enterobacteriaceae strains (which rises from 1.6% to 21.1%, p < 0.01, in the periods before and after gentamicin prophylaxis implementation, respectively) whilst other pathogens did not show increases in the gentamicin resistance rates (p > 0.05). Although this finding deserves further studies, fortunately, the gentamicin prophylaxis is not widely employed (Pierce, Williamson, Mauck, Russell, & Palavecino, 2012) . Differently, McGuire and colleagues (2015) reported no increase in gentamicin resistance in their center, over a 5-year period in recent years but the gentamicin prophylaxis is not reported. On a practical point of view, the present utilization of vancomycin plus the aminoglycoside amikacin as empiric treatment of PD-peritonitis in our center maybe should be revised.
Finally, this study has several strengths but also potential limitations. The extrapolation of our results is limited because we used data from a single center; a large temporal series would be able to evaluate the impact of agents on mortality and morbidity, as we have already explored in earlier studies Barretti et al., 2012; Barretti, Pereira, et al., 2009; Camargo et al., 2014; Cunha et al., 2004 Cunha et al., , 2005 Oliveira et al., 2012) . The strengths of this study, on the other hand, include the consistency in the presence of the same clinical staff in peritonitis diagnosis and treatments; highly meticulous laboratory work in strain maintenance; antimicrobial susceptibility testing done by the same laboratorial staff, which, for 20 years, provided quantitative results related to etiologic agents involved in PD-related peritonitis.
Conclusion
In summary, our results show that PD-peritonitis frequency declined over years; gram-positive infection proportion has dropped off and gram-negative pathogens proportion arise. Changes in the etiological agents are likely related to changes in PD-practices. Longitudinal antimicrobial susceptibility testing ensures that current empirical therapy covers the majority of prevalent agents of PD-related peritonitis in this center, although detection of gentamicin-resistant Enterobacteriaceae strains mainly after introduction of topic gentamicin prophylaxis alerts for the occurrence of aminoglycoside resistance. This study also supports the current recommendations regarding retrospective evaluation of antimicrobial susceptibility in order to define the optimal empiric therapy in each center (Barretti, Doles, Pinotti, & El Dib, 2014; Li et al., 2010; Piraino et al., 2005) .
